M
yasthenia gravis (MG) and its experimental animal model, experimental autoimmune MG (EAMG), are immune disorders characterized by circulating antibodies and lymphocyte autoreactivity to the nicotinic acetylcholine receptor (AChR) leading to a reduced number of AChR molecules at the postsynaptic end plates. Weakness and fatigability of voluntary muscles characterize both MG and EAMG (1) . All species of animals tested, including rabbits (2), rats (3), mice (4) , and monkeys (5), have been found to be susceptible to EAMG.
Although the symptoms of MG are due to autoantibodies produced by B cells, there is ample evidence to incriminate T cells in the disease process as well (6) (7) (8) . Furthermore, in both humans and rodents, increased susceptibility to MG is seen with certain major histocompatibility complex haplotypes (9, 10) .
Because the ␣-subunit of the AChR was shown to be predominant for T cell epitopes (11), we have used peptides representing different sequences of the human AChR ␣-subunit. Two sequences of the latter, namely peptides p195-212 and p257-269, discriminated significantly between MG patients and healthy controls based on proliferation of peripheral blood lymphocytes and binding to sera antibodies (12) . Furthermore, peripheral blood lymphocytes of seronegative MG patients responded by either proliferation or interleukin-2 (IL-2) secretion to p195-212 and p259-271 (which elicits immune responses identical to those triggered by p257-269), emphasizing the importance of AChR-specific T cells in MG (13) . Peptides p195-212 and p259-271 were further shown to be immunodominant T cell epitopes in SJL and BALB͞c mice, respectively (14) . T cell lines specific to p195-212 and p259-271 that were inoculated into SJL and BALB͞c mice, respectively, were found to be pathogenic and to induce EAMG manifested by the production of antibodies to self (murine) AChR and by decremental compound muscle action potentials consistent with impairment of neuromuscular transmission (15) .
Ideally the goal therapy in MG should be the elimination of autoimmune responses to the AChR specifically, without interfering with immune responses to other antigens. To this end, a dual analog composed of the tandemly, reciprocally arranged two single analogs of p195-212 and p259-271 (16) (17) (18) , namely Lys-262-Ala-207, was prepared and shown to inhibit efficiently the proliferation of T cell lines specific to the myasthenogenic peptides and of lymph node cells that were primed in vivo to either of the myasthenogenic peptides (19) . Furthermore, the dual analog inhibited specifically in vitro T cell stimulation to either myasthenogenic peptide in Ͼ90% of the responding MG patients (20) .
We have previously demonstrated that oral administration of the dual analog to BALB͞c mice in which EAMG was induced by the pathogenic p259-271-specific T cell line reversed EAMG manifestations in the treated mice (19) . Because C57BL͞6 mice are the mouse strain most susceptible to EAMG induced by Torpedo AChR, we addressed the question of whether the dual analog Lys-262-Ala-207 (administered orally) could treat EAMG induced in these mice by immunization with the multideterminant native Torpedo AChR. We show in this study that oral administration of the dual analog to C57BL͞6 mice that were diagnosed to have EAMG had beneficial effects on the clinical manifestations characterizing EAMG.
Materials and Methods
Mice. Female mice of the inbred strain C57BL͞6 (The Jackson Laboratory) were used at the age of 8-12 wk.
Torpedo AChR. AChR was purified from Torpedo marmorata as described (21) and was used for immunizations and in vitro studies.
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Synthetic Peptides and Peptide Analogs. Peptides p195-212 (DT-PYLDITYHFVMQRLPL) and p259-271 (VIVELIPSTSSAV), which correspond to sequences of the human AChR ␣-subunit, were synthesized and characterized as described (19) . The dual analog Lys-262-Ala-207 (VIVKLIPSTSSAVDTPYLDITYH-FFFVAQRLPL) was designed as described (19) and synthesized (97% purity) by UCB-Bioproducts.
Induction of EAMG. C57BL͞6 mice were immunized and boosted 1 mo later with 20 g per mouse Torpedo AChR in complete Freund's adjuvant (CFA) enriched with 10 mg͞ml Mycobacterium tuberculosis H37 Ra (Difco). A second group was injected with an emulsion of CFA͞PBS. The mice were followed for serological and clinical manifestations.
Evaluation of EAMG.
Clinical score. The mice were tested once a week for signs of clinical muscle weakness (clinical score). The disease symptoms were graded as follows: 0, no definite muscle weakness after exercise; 1, moderate muscle weakness after exercise consisting of 10 consecutive paw grips; 2, grade 1 weakness at rest; and 3, severe muscle weakness, paralysis, dehydration and moribund.
Evaluation of grip strength. Muscle strength of the experimental mice was also determined by the use of an automated grip strength meter (22) . Grip strength was determined following ''exercising'' the animals by subjecting them to 10 consecutive paw grips. During the instrumental measurement sessions, mice were placed on a platform, allowed to grasp a rectangular ring, and then steadily pulled away until the grip was broken. Grip strength was determined with a computerized electronic pull strain gauge that was fitted directly to the grasping ring. Individual animals were exposed to five successive repeated and recorded measurements.
Electrophysiological evaluations. Myasthenic decrements were measured and calculated as previously described (19) . Recordings were obtained from at least four locations within the muscle and were considered as positive only if a decremental response of 10% or more was obtained in at least two different recording sites within the muscle (23) . Electromyographies were performed with the examiner blinded to whether mice belonged to control or experimental groups.
Detection of Antibodies to the Myasthenogenic Peptides (p195-212
and p259 -271) and to the Torpedo AChR. Experimental mice were bled periodically for detection of anti-Torpedo AChR, p195-212, and p259-271 antibodies in their sera by using an ELISA. In brief, Maxisorb plates (Nunc) were coated with the different antigens (15 g͞ml) diluted in 0.1 M NaHCO 3 . After incubation with different dilutions of sera, goat anti-mouse IgG Fc coupled to horseradish peroxidase (Jackson ImmunoResearch) was added to the plates and was followed by the addition of the peroxidase substrate 2,2Ј-azinobis(3-ethylbenzthioline)-6-sulfonate (Sigma). Results were determined using a MRX ELISA reader (Dynatech) and a 410-nm filter.
Treatment of Mice with the Dual Analog.
Mice that showed clinical manifestations of EAMG were randomly divided into two groups. One group was given 500 g per mouse of the dual analog, by oral administration (total volume 300 l, three times a week), using a ball-type feeding needle. The second group was given the vehicle PBS. The mice were treated for a period of 5-8 wk.
Production and Detection of Cytokines. Splenocytes (5 ϫ 10 6 per ml) of the tested mice were stimulated with the Torpedo AChR (10 g͞ml) for a period of 48 hr. The supernatants were collected and analyzed for cytokine content by ELISA, using the relevant standard capture and detecting antibodies (PharMingen).
Statistical Analysis. ANOVA, 2 , and Student t test were used for statistical analyses of the data.
Results

Antibodies Specific to the Myasthenogenic Peptides in Sera of
C57BL͞6 Mice Immunized with Torpedo AChR. All of the C57BL͞6 mice that were immunized with the Torpedo AChR produced high titers of anti-receptor antibodies (data not shown). Because the dual analog used to treat mice with EAMG was synthesized based on the human AChR sequence of p195-212 and p259-271, it was important to find out whether injection of C57BL͞6 mice with whole Torpedo AChR leads to production of antibodies directed against the above peptides. Fig. 1 demonstrates the results of 100 sera of Torpedo AChR immunized C57BL͞6 mice, Fig. 1 . Antibodies specific to p195-212 and p259 -271 in sera of C57BL͞6 mice immunized with Torpedo AChR. C57BL͞6 mice were primed and boosted with Torpedo AChR ␣-subunit (20 g per mouse in CFA). Mice were bled 10 days after boost, and their sera were assayed for the presence of antibodies to p195-212 (Upper) or to p259 -212 (Lower). OD levels are of sera diluted 1:10. Horizontal lines indicate mean OD in sera of control mice that were injected with PBS͞CFA ϩ 2 SD.
tested for the content of antibodies to p195-212 and p259-271. As can be seen, most mice developed antibodies that reacted with the peptides. Thus 66% and 94% of the sera reacted with p195-212 and p259-271, respectively.
Effect of the Dual Analog on EAMG Induced by the Torpedo AChR in
C57BL͞6.
It was important to find out whether the dual analog is capable of immunomodulating an already existing EAMG induced by the native AChR. To this end, C57BL͞6 mice were primed and boosted with the Torpedo AChR in CFA. Approximately 40% of the C57BL͞6 mice injected with the Torpedo AChR developed a disease that could be diagnosed by clinical score, electrophysiological evaluation, and grip strength as measured with a grip strength meter. Approximately 30% of the mice that developed EAMG died immediately before starting treatment with the dual analog. The mice diagnosed to have EAMG were divided randomly into two groups and were treated three times per week either with 500 g per mouse of the analog given orally in PBS (experimental group) or with PBS only (control group). Mice were treated for 5-8 wk. Because a certain percentage of the PBS-treated mice underwent spontaneous remission, most significant differences between groups could be demonstrated after 4-5 wk of treatment. Table 1 summarizes results of three treatment experiments. As can be seen, out of a total of 31 treated mice, 23 (74%) did not show disease manifestations after treatment, 7 of the treated mice (22.6%) remained sick, and 1 mouse (3%) died. These results are significantly different (P ϭ 0.0094) from those obtained with mice treated with PBS only (35% spontaneous remission, 40% sick, and 25% dead; Table 1 ). Fig. 2 is a representative picture of a C57BL͞6 mouse diagnosed with EAMG before (A) and after (B) treatment with the dual analog. The mouse was given a clinical score of 3 before treatment, whereas after treatment its clinical score was 0. The picture shows also that, in agreement with the clinical symptoms, the significant myasthenic decrement determined for this mouse before treatment could not be detected after treatment with the dual analog. Fig. 3 shows the results of a representative experiment in which the muscle strength was measured with an automated grip strength meter to quantitate muscle weakness. The figure shows the maximal grip strength (out of five measurements) determined for each mouse. It can be seen that two mice, one of the dual analog-treated group and one of the PBS-treated group, were too weak to be evaluated in this test. The comparison of the C57BL/6 mice were immunized and boosted with Torpedo AChR in CFA (see Materials and Methods). After the mice developed clinical EAMG, they were randomly divided into two groups. One group was treated with the dual analog (Lys-262-Ala-207, 500 g per mouse administered orally in PBS, three times per week), and the second group was treated with PBS. Disease manifestations were determined according to disease score, grip strength measurements, and electromyography (see Materials and Methods). The above results are of three alike experiments. 2 was used to analyze differences between the dual analog-and PBS-treated groups for all categories (P ϭ 0.0094). rest of the mice indicated a significant difference between the mean maximal strength in the dual analog-treated group and that in the PBS-treated group (P Ͻ 0.01). The clinical scores matched the results obtained with the grip strength meter. Thus, in the dual analog-treated group only 1 of 12 animals was still sick after 4 wk of treatment, exhibiting a score of 2-3. In the PBS-treated group, on the other hand, 5 of 9 mice had clinical symptoms (P Ͻ 0.05). Thus, the above results suggest that treatment with the dual analog has significant beneficial effects on the clinical EAMG.
Effect of Treatment with the Dual Analog on Immunological Param-
eters. It was of interest to find out whether the clinical improvement after treatment with the dual analog was accompanied by changes in immunological parameters related to EAMG. We first measured the levels of anti-AChR antibodies in the sera of mice. Fig. 4 demonstrates the results of one representative experiment. As can be seen, the treatment led to a significant decrease in the anti-AChR antibody levels (P ϭ 0.005).
Because cytokines play an important role in MG and EAMG, the possible effect of treatment on the secreted cytokine pattern was tested. Mice were killed at the end of treatment and their spleen cells were stimulated with Torpedo AChR. Supernatants collected 48 hr later were tested for the presence of interferon-␥ (IFN-␥), IL-2, IL-4, IL-10, and transforming growth factor ␤ (TGF␤). Fig. 5 demonstrates results of IL-2 and IFN-␥ measurements of a representative experiment. A moderate but significant (P ϭ 0.027) reduction in the secretion of IL-2 by splenocytes of the dual analog-treated mice could be observed, as compared with the group of mice that was treated with PBS only. A dramatic difference between the groups could be observed when levels of IFN-␥ were measured. Whereas splenocytes of most mice of the PBS-treated group secreted high levels of IFN-␥ after their stimulation with Torpedo AChR, only 2 of the 12 tested mice in the dual analog-treated group produced significant levels of IFN-␥ (Fig. 5) . The latter cytokine could not be detected in supernatants of triggered splenocytes of the 10 additional mice in this group (P ϭ 0.01). No significant differences between dual analog and PBS-treated groups could be detected in the levels of secreted IL-4, IL-10, or TGF␤.
Discussion
The main findings of the present research are that a peptide in which two single amino acid substituted analogs of two myasthenogenic peptides were combined, is capable of immunomodulating an already established EAMG induced by the multideterminant Torpedo AChR. Furthermore, the amelioration of the clinical disease correlates with a reduction in the titers of AchR-specific antibodies and with a decrease in the levels of IL-2 and especially IFN-␥. The latter cytokine is known to play a pathogenic role in MG and EAMG (24, 25) .
We have previously shown that the dual analog is capable of inhibiting in vitro and in vivo MG-associated autoimmune responses (19) . Moreover, the dual analog could ameliorate manifestations of EAMG induced in BALB͞c mice by a pathogenic T cell line specific to the myasthenogenic peptide p259-271 (19) . The demonstration in the present report that the dual analog down-regulated disease symptoms induced in C57BL͞6 mice by the Torpedo AChR indicates that the effects of the dual analog are not restricted to the strains that are high responders to the myasthenogenic peptides (e.g., BALB͞c and SJL mice). Furthermore, the results suggest that the dual analog does not affect responses to the two myasthenogenic T cell epitopes only, but it immunomodulates responses to other determinants within the AChR molecule, probably via epitope spreading. The results of this study also support the idea that the two myasthenogenic peptides are highly immunogenic epitopes of the AChR because most C57BL͞6 mice that were immunized with the Torpedo AChR produced antibodies that reacted with either p195-212 or p259-271, or with both (Fig. 1) .
The C57BL͞6 model of EAMG induced by immunization with Torpedo AChR is a complicated one because of the relatively low incidence of mice with clinical disease (Ͻ50%), the acute nature of the disease, and the spontaneous remission that occurs in some of the mice. The fact that under the latter circumstances the dual analog could be shown to have significant beneficial effects on the clinical disease emphasizes its efficacy in downregulating EAMG. The effect of the dual analog could be shown by the clinical score as well as by objective measurements such as grip strength measured by an automated grip strength meter and electromyography evaluation that measures myasthenic decrements.
The improvement in the clinical symptoms in the dual analogtreated C57BL͞6 mice correlated with a significant reduction in the total AchR-specific antibodies. It should be noted that, in spite of the reduction in the anti-AChR antibody response, the titers of the latter were still high. Nevertheless, it has been demonstrated that the severity of EAMG as well as MG does not correlate with the levels of anti-AChR antibodies (11) . A significant reduction also could be determined in the secretion of the T helper 1 (Th1)-type cytokines, namely IL-2 and IFN-␥, in splenocytes of the dual analog-treated mice. The observed suppression in IFN-␥ production in the dual analog-treated group was very impressive (Fig. 5) . Indeed, the pathogenic role of IFN-␥ in EAMG has been demonstrated (26, 27) , and mice with IFN-␥ receptor deficiency were shown to be less susceptible to EAMG (22) . In the present study, we did not detect significant differences in levels of IL-4, IL-10, or TGF␤ secreted by splenocytes of either the dual analog-treated or the PBS-treated groups. It is noteworthy that in short-term experiments oral administration of the dual analog into mice immunized with either of the myasthenogenic peptides resulted in downregulation of the Th1-type cytokines, a mild increase in the secretion of Th2-type cytokines, and a significant elevation in the secretion of the immunosuppressive cytokine TGF␤ (M.P.-R., A. Faber-Elmann, M.S., and E.M., unpublished results). It is possible that changes in the secretion of the latter cytokines are of a short-term nature, and therefore they could not be detected at the end of treatment experiments that lasted 6-8 wk. Furthermore, the fact that some of the PBS-treated mice underwent spontaneous remission by the time that the mice were killed might have affected the observed differences between the groups. A shift of Th1-to Th2-type cytokines has been reported in some studies in which antigens or peptides were given in tolerogenic doses, whereas in other studies no change in the Th2-type cytokines could be determined (26, 28) . Induction of tolerance to Torpedo AChR by either oral or nasal administration into mice or rats was reported to result in elevated production of TGF␤ (25, 26) .
The current therapy of MG involves mainly the use of immunosuppressive drugs that cause a global suppression of the immune system and various side effects. Therefore, an antigenspecific down-regulation of the autoimmune reactions has been the main goal of multiple studies. Because in the case of MG the autoantigen is known to be the AChR, a number of studies attempted the immunomodulation of EAMG by oral or nasal administration of the entire Torpedo AChR molecule (26, 29, 30) . However, because the AChR is highly immunogenic, frequent administrations of the latter might lead to an immune response rather than tolerance. Therefore, short peptides that represent T cell epitopes of the AChR and especially altered T cell epitopes with less immunogenic potential than the native protein, as is the case of the dual analog, might provide the therapy means of choice for the disease. Injection of peptides that are dominant T cell epitopes of the Torpedo AChR either before the immunization with the Torpedo AChR or after priming suppressed disease manifestations (28, 31) . However at least one of these studies reported lack of ability of the peptides to treat an ongoing disease (28) . In the present study, we demonstrate that the dual analog is capable of immunomodulating efficiently an already established EAMG in C57BL͞6 mice.
Mucosal administration of autoantigens has been reported to shut down autoaggressive immune responses (32) . Oral and nasal antigen administration have been the main routes used to silence autoreactive T cells (25) . Oral immunomodulation of disease manifestations involves multiple mechanisms, including deletion and anergy of antigen-specific T cells after the administration of high antigen dose and induction of regulatory Th2-and Th3-type cells after low dose antigen administration. The exact mechanism by which the dual analog reversed EAMG manifestations has not been completely elucidated yet. Nevertheless, the beneficial effects of the dual analog are associated with a reduction in the production of the pathogenic cytokine in MG, namely, IFN-␥ (22, (24) (25) (26) (27) . Because the dual analog is based on two, single amino acidsubstituted peptides of two T cell epitopes of the human AChR, it is likely to down-regulate autoimmune responses to the human AChR at least as efficiently as demonstrated for the murine EAMG. Thus, the orally administered dual analog is a potential candidate for the treatment of human MG.
